Disulfiram has shown promise as a pharmacotherapy for cocaine dependence in clinical settings, although it has many targets, and the behavioral and molecular mechanisms underlying its efficacy are unclear. One of many biochemical actions of disulfiram is inhibition of dopamine b-hydroxylase (DBH), the enzyme that converts dopamine (DA) to norepinephrine (NE) in noradrenergic neurons. Thus, disulfiram simultaneously reduces NE and elevates DA tissue levels in the brain. In rats, both disulfiram and the selective DBH inhibitor nepicastat block cocaine-primed reinstatement, a paradigm which is thought to model some aspects of drug relapse. This is consistent with some clinical results and supports the use of DBH inhibitors for the treatment of cocaine dependence. The present study was conducted to confirm and extend these results in nonhuman primates. Squirrel monkeys trained to self-administer cocaine were pretreated with disulfiram or nepicastat prior to cocaineinduced reinstatement sessions. Neither DBH inhibitor altered cocaine-induced reinstatement. Unexpectedly, nepicastat administered alone induced a modest reinstatement effect in squirrel monkeys, but not in rats. To investigate the neurochemical mechanisms underlying the behavioral results, the effects of DBH inhibition on extracellular DA were analyzed in the nucleus accumbens (NAc) using in vivo microdialysis in squirrel monkeys. Both DBH inhibitors attenuated cocaine-induced DA overflow in the NAc. Hence, the attenuation of cocaine-induced changes in accumbal DA neurochemistry was not associated with altered cocaine-seeking behavior. Overall, the reported behavioral effects of DBH inhibition in rodent models of relapse did not extend to nonhuman primates under the conditions used in the current studies.
Introduction
Cocaine abuse is a major public health concern, yet there is currently no Food and Drug Administration-approved effective pharmacotherapy for cocaine addiction. Because cocaine addiction is often characterized by recurring relapse to drug taking, relapse prevention is critical for effective treatment strategies. Norepinephrine (NE) has been shown to play an important role in reinstatement of drug self-administration, an animal model of relapse (Weinshenker and Schroeder, 2007; Gaval-Cruz and Weinshenker, 2009) . Specifically, attenuating NE production and/or transmission can attenuate drug-induced (Zhang and Kosten, 2005) , stress-induced (Erb et al., 2000; Leri et al., 2002) , and cue-induced reinstatement (Smith and Aston-Jones, 2011; Schroeder et al., 2013) in rats and drug-induced reinstatement in squirrel monkeys (Lee et al., 2004; Platt et al., 2007) . The major metabolite of disulfiram, diethyldithiocarbamate, inhibits dopamine b-hydroxylase (DBH), the enzyme that converts dopamine (DA) to NE (Goldstein et al., 1964; Musacchio et al., 1966) . Disulfiram-induced inhibition of DBH leads to decreased tissue NE levels and increased tissue This article was prepared while H.L.K. was employed at the National Institutes of Health. The opinions expressed in this article are the author's own and do not reflect the view of the National Institutes of Health, the Department of Health and Human Services, or the United States government.
With the exception of income received from their primary employers, D.A.C., H.L.K., D.F.M., K.T.S., and L.L.H. have received no financial support or compensation from any individual or company entity over the past 3 years for research or professional service, and there are no personal financial holdings that could be perceived as constituting a conflict of interest. D.W. is coinventor on a patent concerning the use of selective dopamine b-hydroxylase inhibitors for the treatment of cocaine dependence [Weinshenker D and Malison RT (2012) inventors, Yale University and Emory University, assignee. Methods and compositions for treatment of drug addiction. US patent US-2013 US- -0274303-A1. 2012 Oct 2].
Parts of this study represent partial fulfillment dissertation: Cooper DA (2014) Pharmacologic Dopamine b-Hydroxylase Inhibition: Effect On Cocaine-Induced Behavior and Neurochemistry. Doctoral dissertation, Emory University, Atlanta, GA.
Preliminary findings from these experiments were previously presented as follows: Cooper DA, Kimmel HK, and Howell LL (2012) Effects of dopamine betahydroxylase (DBH) inhibition on cocaine seeking behavior in squirrel monkeys. Society for Neuroscience Meeting; 2012 October 13-17; New Orleans, LA.
dx.doi.org/10.1124/jpet.113.212357.
DA levels (Goldstein et al., 1964; Musacchio et al., 1966; Bourdelat-Parks et al., 2005; Schroeder et al., 2010) . Consistent with an intervention that lowers brain NE levels, disulfiram blocks cocaine-induced reinstatement of cocaineseeking in rats (Schroeder et al., 2010) . Furthermore, the selective DBH inhibitor nepicastat blocks cocaine-, footshock-, and cue-induced reinstatement in rats (Schroeder et al., 2010 (Schroeder et al., , 2013 , supporting the potential use of DBH inhibitors as cocaine pharmacotherapies. A decrease in DA levels in the prefrontal cortex (PFC) (McFarland and Kalivas, 2001) or nucleus accumbens (NAc) (Anderson et al., 2006 ) also reduces reinstatement of cocaineseeking in rats. Given that NE facilitates DA neuronal firing and DA release, DBH inhibition should attenuate excitatory drive onto mesolimbic DA neurons (Gaval-Cruz and Weinshenker, 2009) . Therefore, even though brain tissue DA levels increase with DBH inhibition, extracellular DA levels should actually decrease. Consistent with this prediction, mice treated with the DBH inhibitor fusaric acid (Weinshenker et al., 2008) and mice genetically lacking DBH (Schank et al., 2006) have decreased basal extracellular DA. However, Devoto and colleagues found that neither disulfiram (Devoto et al., 2012) nor nepicastat (Devoto et al., 2013) has an effect on cocaine-induced DA overflow in the nucleus accumbens, yet both markedly increase cocaine-induced DA overflow in the medial prefrontal cortex of rats. Accordingly, the neurochemical mechanisms underlying the effects of DBH inhibition on cocaine-induced reinstatement require further elucidation.
The effects of DBH inhibition on cocaine-induced changes in behavior and neurochemistry have not been characterized previously in nonhuman primates. Given the importance of establishing nonhuman primate models for the translation of medications development to effective treatments in humans, studies evaluating interactions between DBH inhibitors and cocaine in nonhuman primates are clearly warranted. The goal of the present study was to determine whether DBH inhibition reduces drug-induced reinstatement in squirrel monkeys, as previously reported in rats, and to assess whether inhibition of NE synthesis via DBH inhibition affects cocaineinduced DA overflow in the ventral striatum. We hypothesized that DBH inhibition would attenuate both cocaine-induced reinstatement and cocaine-induced increases in extracellular DA in squirrel monkeys.
Materials and Methods

Nonhuman Primate Studies
Subjects. A total of 10 male squirrel monkeys (Saimiri sciureus) weighing between 850 and 1100 g served as subjects. Animal assignments to specific experimental protocols are identified in Tables 1 and 2 . Subjects were individually housed, fed twice daily with ad libitum access to water, and were provided with daily enrichment. All subjects previously served in behavioral studies that involved administration of compounds acting on monoaminergic and/ or glutamatergic systems (Kimmel et al., 2007; Bauzo et al., 2009 Bauzo et al., , 2012 Fantegrossi et al., 2009; Manvich et al., 2012a,b) . Additionally, all subjects in reinstatement experiments had previously served in behavioral studies in which reinstatement to cocaine-seeking was either attenuated or enhanced (Manvich et al., 2012a,b) . All studies were conducted in strict accordance with the National Institutes of Health's Guide for Care and Use of Laboratory Animals, the American Association for Accreditation of Laboratory Animal Care, and were approved by the Institutional Animal Care and Use Committee of Emory University.
Apparatus. Experimental sessions were conducted in a ventilated, sound-attenuated chamber in which each subject was seated comfortably in a commercially available primate chair (Modular Primate Chair; Med Associates Inc., St. Albans, VT). The chair was equipped with an operant panel consisting of a series of red and white lights, a response lever, and a white noise amplifier which remained activated for the duration of all behavioral sessions to lessen the influence of ambient noise. Med-PC IV software (Med Associates Inc.) was interfaced with each chamber to allow for automated output control and recording of lever presses. A motor-driven syringe pump (for behavioral studies: model PHD2000; for in vivo microdialysis: model 11Plus DualSyringe; Harvard Apparatus, Holliston, MA) was mounted on top of the operant chamber for automated delivery of solutions.
Surgery. All surgeries were conducted under aseptic conditions. Animals were initially anesthetized with Telazol (tiletamine HCl and zolazepam HCl, 2.0 mg i.m.) and ketamine HCl (20 mg i.m.), and anesthesia was maintained throughout the procedure with inhaled isoflurane (0.5-1.5%). Subjects in behavioral experiments were prepared with a chronic indwelling venous catheter in the femoral or jugular vein as previously described (Kimmel et al., 2007; Bauzo et al., 2009) . Subjects were fitted with a custom-made nylon mesh jacket (Lomir Biomedical Inc., Malone, NY) to protect the outer portion of the catheter. To maintain catheter patency, catheters were flushed daily with 0.2 ml of saline and, when not in use, filled with heparinized saline (100 units/ml). For in vivo microdialysis experiments, subjects were implanted with bilateral guide cannulae (CMA/ 11; CMA Microdialysis, Acton, MA) using stereotaxic techniques as (Czoty et al., 2000) . Guide cannulae targeted the nucleus accumbens based on the following coordinates from the ear bar: anterior/posterior 1 15.0, medial/lateral 6 3.0. When subjects were not actively participating in microdialysis experiments, stainlesssteel stylets were situated within the cannulae to protect the surgical preparation. For all surgical procedures, preoperative antibiotics (ceftriaxone) and postoperative analgesics (meloxicam) were administered by veterinary staff, and subjects were closely monitored after surgery. Cocaine Self-Administration and Reinstatement. Subjects were trained to self-administer cocaine under a second-order schedule of reinforcement, as previously described (Manvich et al., 2012a,b) . Each session began with the illumination of a pair of red lights. During a 600-second fixed interval (FI), a fixed-ratio 20 (FR20) schedule was in effect such that every 20th lever press extinguished the red lights and briefly illuminated a white light for 2 seconds, followed immediately by reillumination of the red lights. Once the FI elapsed, the schedule progressed into a 200-second limited hold. The first FR20 completed during the limited hold extinguished the red lights and resulted in an intravenous bolus infusion of cocaine (0.03-0.3 mg/kg/infusion in 0.5 ml; 25 ml/min flow rate) paired with a 15-second white light, followed by a 60-second time-out during which all lights were extinguished and responses had no programmed consequences. If the subject failed to complete a FR20 during the limited hold, the red lights were extinguished and the schedule moved directly into the time-out. Each daily session consisted of five FI components, and sessions were conducted 5-6 days per week. Response rates were calculated for each individual component and then averaged across the session. The maximally effective unit dose of cocaine (i.e., the unit dose of cocaine that maintained the highest rates of responding) was identified for each individual subject and used as the maintenance dose between reinstatement sessions.
Once response rates were stable, subjects progressed to the extinction phase, during which saline infusions were substituted for cocaine and the white stimulus light was withheld. Extinction criteria were met when the overall response rate within a single session was #20% of the mean response rate of the three previous maintenance sessions. Reinstatement tests occurred on the day immediately following extinction of responding. During reinstatement sessions, the white stimulus light was reintroduced but saline continued to be substituted for cocaine infusions. For cocaine-induced reinstatement sessions, subjects were administered a noncontingent, intravenous bolus infusion of cocaine [vehicle (veh) , 0.03-1.0 mg/kg] 5 minutes prior to the onset of the session. For each subject, the dose of cocaine that induced maximal rates of responding was determined and deemed the ED Peak . Reinstatement sessions were preceded by a drug pretreatment of either disulfiram [(veh, 10 mg/kg i.m.) given acutely 2 hours prior to the cocaine prime] or nepicastat [(veh, 10 and 30 mg/kg i.m.) given acutely 30 minutes to 24 hours prior to the cocaine prime or subchronically for 5 consecutive days prior to the session]. For nepicastatinduced reinstatement, nepicastat (veh, 10 mg/kg i.m.) was administered either 30 or 120 minutes prior to the onset of the session. For yohimbineprimed reinstatement, yohimbine (veh, 0.3 mg/kg i.m.) was administered 5 minutes prior to the onset of the session. For drug interaction studies, a nepicastat pretreatment (veh, 10 mg/kg i.m.) was administered 120 minutes prior to yohimbine (0.3 mg/kg i.m.) administration. Reinstatement tests for each drug dose or combination were separated by the re-establishment of maintenance cocaine self-administration and subsequent extinction.
In Vivo Microdialysis. The microdialysis protocols used in the present study were similar to those described previously (Czoty et al., 2000; Kimmel et al., 2005 Kimmel et al., , 2007 Bauzo et al., 2009; Manvich et al., 2012a,b) . On test days, a CMA/11 dialysis probe (CMA Microdialysis, North Chelmsford, MA) with a shaft length of 20 mm and active dialysis membrane measuring 2 Â 0.24 mm was inserted into the guide cannula and perfused with artificial cerebrospinal fluid (1.0 mM Na 2 HPO 4 , 150 mM NaCl, 3 mM KCl, 1.3 mM CaCl 2 , 1.0 mM MgSO 4 , and 0.15 mM ascorbic acid, pH 7.4-7.56) at a rate of 2.0 ml/min. After a 60-minute equilibration sample was collected, three baseline samples were collected at 10-minute intervals for determination of basal DA concentrations. Following baseline sample collection, microdialysis proceeded with the following drug administration conditions: disulfiram (10 mg/kg i.m.) administered 30 minutes prior to cocaine (1.0 mg/kg i.m.), and nepicastat (veh, 10 mg/kg i.m.) administered 30 minutes prior to cocaine (1.0 mg/kg i.m.). Following drug administration, additional 10-minute samples were collected for a total session duration of 4-5 hours. For each subject, all drug combinations within a given experiment were acquired from the ipsilateral hemisphere. Times of access at each brain site were separated by at least 2 weeks. The order of drug dose combinations was randomized within subjects.
All samples were refrigerated or frozen until immediately prior to analysis. Probes were tested in vitro both prior to and immediately after each session to determine probe viability and percentage of recovery. To confirm site integrity, following experimental sample collection, the KCl concentration within the perfused artificial cerebrospinal fluid was increased to 100 mM, and a final 10-minute sample was collected. A robust increase in extracellular DA levels confirmed site viability. Samples were analyzed and DA concentrations were determined using high-performance liquid chromatography with electrochemical detection as previously described (Kimmel et al., 2007; Bauzo et al., 2009 Bauzo et al., , 2012 .
Drugs. Cocaine HCl (National Institute on Drug Abuse, Research Technology Branch, Research Triangle Park, NC) was dissolved in 0.9% sterile saline. Yohimbine HCl (Sigma-Aldrich, St. Louis, MO) was sonicated and dissolved in 0.9% sterile saline. Nepicastat (Synosia Therapeutics, South San Francisco, CA) was sonicated and dissolved at a concentration of 30 mg/ml in a 20:20:60 mixture of 95% ethanol, Tween 80 (Sigma-Aldrich), and 0.9% sterile saline for the low dose. The high dose of nepicastat was sonicated and dissolved at a concentration of 80 mg/ml in a 25:25:50 mixture. Disulfiram (Sigma-Aldrich) was sonicated in sterile water and injected as a suspension. Doses were calculated from the salt weights.
Rodent Studies
Subjects. Subjects were 7 male Sprague-Dawley rats, weighing 200-225 g upon arrival (Charles River, Wilmington, MA). All subjects were individually housed under a reverse light/dark cycle (lights on from 8:00 PM to 8:00 AM) and given ad libitum access to standard rodent chow and water, except during behavioral sessions. All experiments were conducted in strict accordance with the National Institutes of Health's Guide for Care and Use of Laboratory Animals and were approved by the Emory University Institutional Animal Care and Use Committee.
Surgery. Subjects were anesthetized with isoflurane and implanted with chronic indwelling jugular catheters using standard methods as described previously (Schroeder et al., 2010) . In brief, catheters were inserted into the right jugular vein then threaded subcutaneously through the skin between the shoulder blades and anchored with suture material. Catheters were flushed daily with 0.05 ml of gentamicin (4 mg/ml) and 0.1 ml of heparinized saline (300 U/ml) throughout the duration of experiments.
Food Training. Prior to drug self-administration training, all rats were first trained to lever press for food reinforcement in standard rat operant chambers (Med Associates Inc.) equipped with a house light, two levers (active and inactive), stimulus lights above each lever, and a food-pellet receptacle located between the two operant levers. Responses on the active lever resulted in delivery of a single 45-mg food pellet (F0165; Bio-Serv, Frenchtown, NJ) according to a FR1 schedule of reinforcement, whereas responses on the inactive lever had no programmed consequences. Daily 6-hour sessions continued until the subject met training criteria defined as at least 70% selection of the active lever and at least 100 reinforcers earned, typically within one to three sessions. Cocaine Self-Administration and Reinstatement. Daily 2-hour cocaine self-administration sessions were conducted using an FR1 schedule of reinforcement as described previously (Schroeder et al., 2010 (Schroeder et al., , 2013 . Sessions began with the extension of both the active and inactive levers and illumination of the house light. Responses on the active lever resulted in delivery of an intravenous infusion of cocaine (0.5 mg/kg in a volume of 0.167 ml/kg) and the initiation of a 20-second time-out period, during which the house light was extinguished, the cue light above the active lever was illuminated, and responses on both levers were recorded but had no programmed consequences. Sessions were terminated once 2 hours had elapsed or 40 reinforcers were earned, whichever occurred first. Once rats achieved maintenance criteria (,20% variance on the active lever and at least 75% preference for the active lever for 3 consecutive days, with a minimum of five total sessions), lever pressing was extinguished such that responses on the previously active lever had no programmed consequences. Extinction criteria were achieved when active lever presses over 3 consecutive days were ,25% of the average number of active lever presses during the last 3 days of maintenance. For reinstatement sessions, subjects were administered nepicastat (50 mg/kg i.p.) either 30 or 120 minutes prior to being placed in the operant chambers under extinction conditions. Following this first reinstatement session, extinction criteria were reestablished. A second nepicastat reinstatement test was then conducted using the opposite pretreatment time in a counterbalanced fashion. To ensure that the rats were capable of exhibiting reinstatement of cocaineseeking behavior, they were again extinguished prior to a third reinstatement test, in which subjects were primed with cocaine (10 mg/kg i.p.) immediately prior to the reinstatement session.
Drugs. Nepicastat (Synosia Therapeutics) was sonicated in saline containing 1.5% dimethylsulfoxide and 1.5% Cremophor EL (SigmaAldrich) by volume, and injected as a suspension. Cocaine HCl (National Institute on Drug Abuse) was dissolved in sterile saline. Intraperitoneal drug administration was administered in a volume of 1.0 ml/kg. Drug doses were calculated as the salt weight.
Data Analysis
For nonhuman primate reinstatement experiments, response rates across sessions were normalized to the percentage of average responding during the last three maintenance sessions of cocaine selfadministration. For rat experiments, the dependent measure was the number of responses on both active and inactive levers. Data were analyzed using repeated-measures analyses of variance (ANOVAs) with post-hoc Bonferroni tests, or paired t tests, as specified.
For in vivo microdialysis studies, only samples collected within the first 60 minutes following a cocaine challenge were analyzed because the effects of cocaine typically return to near-baseline levels within 60 minutes postcocaine administration. For each subject, DA levels were normalized as the percentage of the mean of the three baseline values. Data were analyzed using a two-way repeated-measures ANOVA with post-hoc Bonferroni test.
Data were graphically plotted and analyzed using GraphPad version 5.01 (GraphPad Software Inc., La Jolla, CA). For all statistical analyses, significance was accepted at the 95% level of confidence (a 5 0.05).
Results
Cocaine-Primed Reinstatement in Squirrel Monkeys
Disulfiram Pretreatment. The effects of a 2-hour pretreatment of disulfiram (N 5 2) are shown in Fig. 1 . Mean rates of responding during maintenance of cocaine self-administration were 1.32 6 0.21 responses/second (resp/s). The ED Peak priming dose of cocaine increased responding to 100% of levels maintained during cocaine self-administration. Priming with a cocaine dose one-half log unit less than the ED Peak increased responding to nearly 50% of maintenance levels. Disulfiram pretreatment (10 mg/kg) did not affect cocaine-induced reinstatement at either dose of cocaine. Two-way repeated-measures ANOVA indicated a main effect of cocaine dose (F 1,3 5 15.57, P 5 0.029), but no significant main effect of disulfiram pretreatment (F 1,3 5 0.01, P 5 0.939) or interaction (F 1,3 5 0.27, P 5 0.641).
Nepicastat Pretreatment. The effects of a 2-hour pretreatment with nepicastat (N 5 3) are shown in Fig. 2 . Mean rates of responding during maintenance of cocaine self-administration were 1.56 6 0.1 resp/s. The ED Peak priming dose of cocaine increased responding to approximately 60-80% of levels maintained during cocaine self-administration. Nepicastat (10 mg/kg) given 2 hours before the start of the reinstatement session did not affect cocaine-induced reinstatement [paired t(2) 5 3.8, P 5 0.068] (Fig. 2A) . Similarly, a 2-hour pretreatment of a higher dose of nepicastat (30 mg/kg) did not affect cocaine-induced reinstatement [paired t(2) 5 0.75, P 5 0.534] (Fig. 2B) .
Given the absence of significant drug interactions in the previous experiments, subsequent experiments systematically manipulated nepicastat pretreatment time. A shorter (30-minute) pretreatment time was evaluated in combination with the ED Peak of cocaine as well as a priming dose one-half log unit less than the ED Peak . Nepicastat (10 mg/kg) pretreatment (N 5 3) did not affect cocaine-induced reinstatement at either dose of cocaine (data not shown). Two-way repeated-measures ANOVA indicated a significant main effect for cocaine dose (F 1,4 5 8.29, P 5 0.045) but no significant main effect for nepicastat pretreatment (F 1,4 5 0.69, P 5 0.453) or interaction (F 1,4 5 2.20, P 5 0.212). Similarly, a 24-hour pretreatment time was evaluated in combination with two priming doses of cocaine, Fig. 1 . Effects of a 2-hour pretreatment with disulfiram (10 mg/kg) on cocaine-induced reinstatement in squirrel monkeys (N = 2). Data (mean 6 S.E.M.) are expressed as the percentage of responding maintained during cocaine self-administration sessions. Priming with an ED Peak dose of cocaine reinstated responding to levels near those maintained by cocaine self-administration, whereas priming with a cocaine dose a half log unit less than the ED Peak reinstated responding to levels approximately 50% of those maintained by cocaine self-administration. Disulfiram did not alter the reinstatement effects of either priming dose of cocaine. Coc, cocaine; Dis, disulfiram; Ext, extinction; Sal, saline; Veh, vehicle.
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and nepicastat (30 mg/kg) pretreatment (N 5 3) did not affect cocaine-induced reinstatement at either dose of cocaine (data not shown). Additionally, neither a 4-hour pretreatment with 10 mg/kg nepicastat (N 5 3) nor a subchronic, 5-day pretreatment with 30 mg/kg nepicastat (N 5 3) affected cocaineinduced reinstatement (data not shown).
Yohimbine-Primed Reinstatement
Yohimbine has been shown previously to induce reinstatement to cocaine seeking in squirrel monkeys, ostensibly by blocking the a 2 -adrenergic (AR) inhibitory autoreceptor, thereby increasing NE release (Lee et al., 2004) . Accordingly, yohimbine-primed reinstatement was used as a positive control to evaluate the role of NE in reinstatement (N 5 2). Mean rates of responding during maintenance of cocaine selfadministration were 1.79 6 0.08 resp/s. Yohimbine (0.3 mg/kg) alone did not induce responding above extinction criteria (Fig. 3A) . Interestingly, a nepicastat pretreatment (10 mg/kg), given 120 minutes prior to the yohimbine prime, significantly increased response rates to ∼50% of maintenance response rates [t(2) 5 18.18, P 5 0.003].
Nepicastat-Primed Reinstatement
Given the unexpected interactions observed between yohimbine and nepicastat, subsequent experiments evaluated whether nepicastat alone would induce reinstatement to cocaine seeking (N 5 2). Mean rates of responding during maintenance of cocaine self-administration were 1.61 6 0.08 resp/s. Priming injections of nepicastat (10 mg/kg) were given 30 or 120 minutes before the start of reinstatement sessions (Fig. 3B) . When given 30 minutes prior to the start of the session, nepicastat induced a significant increase in responding to greater than 50% of maintenance response rates. When nepicastat was administered 120 minutes prior to the session, there was no significant . Data (mean 6 S.E.M.) are expressed as the percentage of responding maintained during cocaine self-administration sessions. Yohimbine had a modest effect on responding during reinstatement, whereas a nepicastat pretreatment in combination with yohimbine enhanced responding to approximately 50% of levels maintained by cocaine self-administration. *P , 0.005, compared with vehicle control. (B) Reinstatement effects of nepicastat (10 mg/kg) administered alone as a 30-or 120-minute pretreatment in squirrel monkeys (N = 2). Data (mean 6 S.E.M.) are expressed as the percentage of responding maintained during cocaine self-administration sessions. Nepicastat significantly increased response rates when administered 30 minutes before the start of the session. *P , 0.01, compared with vehicle control at the same pretreatment time. Coc, cocaine; Nep, nepicastat; Veh, vehicle; Yoh, yohimbine.
effect. Two-way repeated-measures ANOVA indicated a main effect of nepicastat treatment (F 1,7 5 19.65, P 5 0.003), but no significant main effect of time (F 1,7 5 4.51, P 5 0.071) or interaction (F 1,7 5 4.44, P 5 0.073). Post-hoc analyses indicated nepicastat treatment was significantly different from vehicle treatment (P , 0.01).
In contrast to the current results observed in squirrel monkeys, nepicastat has been reported to attenuate cocaineprimed reinstatement in rats (Schroeder et al., 2010) . However, nepicastat-induced reinstatement in rats has not been evaluated previously. Accordingly, experiments were conducted to evaluate nepicastat-induced reinstatement in rats (N 5 7). Following cocaine self-administration and extinction, rats were primed with nepicastat (50 mg/kg, 30 or 120 minutes prior to session) or cocaine (10 mg/kg immediately prior to session) (Fig. 4) . Two-way repeated-measures ANOVA revealed significant main effects of active/inactive lever (F 1,6 5 53.58, P 5 0.0003), treatment (F 6,36 5 8.252, P , 0.0001), and a lever Â treatment interaction (F 6,36 5 20.96, P , 0.0001). Post-hoc analyses indicated that nepicastat did not induce responding that was significantly different from extinction conditions. In contrast, cocaine induced a robust reinstatement effect in the same rats (P , 0.001 compared with extinction).
In Vivo Microdialysis
The effects of DBH inhibition on cocaine-induced DA overflow in the NAc were evaluated in unanesthetized squirrel monkeys (N 5 4). Mean basal levels of DA unadjusted for probe recovery were 3.30 6 1.09 nM. Cocaine administration following a vehicle pretreatment increased extracellular DA in the NAc to 200-240% of basal DA levels within 20 minutes, and DA returned to near-baseline levels within 60 minutes postdrug injection. However, there was no significant increase in DA concentration following the combined administration of disulfiram (10 mg/kg) and cocaine (1.0 mg/kg) ( Fig.  5A; N 5 3) or nepicastat (10 mg/kg) and cocaine (1.0 mg/kg) ( Fig.  5B; N 5 4) . Two-way repeated-measures ANOVA indicated a significant main effect of disulfiram dose (F 1,20 5 63.40, P 5 0.0013), but not time (F 5,20 5 1.80, P , 0.1594) or interaction (F 5,20 5 2.29, P 5 0.0844). Two-way repeated-measures ANOVA indicated a significant main effect of nepicastat dose (F 1,48 5 6.08, P 5 0.0487), time (F 8,48 5 4.51, P 5 0.0004), and interaction (F 8,48 5 2.56, P 5 0.0208). Subsequent post-hoc analyses indicated that both disulfiram and nepicastat significantly attenuated the peak increase in DA levels (at 20 minutes) following cocaine administration compared with vehicle pretreatment (P , 0.01 for disulfiram, P , 0.001 for nepicastat).
Discussion
The purpose of the present study was to determine whether DBH inhibition reduces cocaine-induced reinstatement in nonhuman primates, as previously reported in rats (Schroeder et al., 2010) , and to assess whether inhibition of NE synthesis via DBH inhibition affects cocaine-induced DA overflow in the ventral striatum. We hypothesized that DBH inhibition would attenuate both cocaine-induced reinstatement and cocaineinduced increases in extracellular DA in squirrel monkeys. However, neither disulfiram nor nepicastat attenuated cocaineinduced reinstatement in squirrel monkeys in the present study. Although studies have shown that changes in noradrenergic signaling can modulate DA transmission within the mesocorticolimbic DA system Sommermeyer et al., 1995; Darracq et al., 1998; Weinshenker and Schroeder, 2007; Mitrano et al., 2012) , the effects of DBH inhibition on stimulant-induced increases in DA levels in the NAc of rodents have produced conflicting results with either a decrease found in mice (Schank et al., 2006; Weinshenker et al., 2008) or no change detected in rats despite decreases in basal NE overflow (Devoto et al., 2012 (Devoto et al., , 2013 . In the present study, both disulfiram and nepicastat attenuated cocaine-induced DA overflow in the NAc of squirrel monkeys. Despite the disparate results obtained in nonhuman primates and rodents, it is clearly evident in both species that attenuation of cocaine-induced reinstatement by DBH inhibitors is not directly linked to DA overflow in the NAc. These finding are supported by a recent study conducted in rhesus monkeys showing that attenuation of cocaine-induced reinstatement by the 5-hydroxytryptamine 2A antagonist M100907 Extinction values indicate the average of the 3 extinction days immediately prior to the subsequent reinstatement session. Shown are the mean 6 S.E.M. active and inactive lever responses. *P , 0.001 active lever responses between extinction and the cocaine (10 mg/kg) prime. Coc, cocaine; Ext, extinction; Maint, maintenance; Nep, nepicastat.
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was not associated with drug-induced changes in extracellular DA levels in the NAc (Murnane et al., 2013) .
There are several procedural differences to consider when comparing the outcome of behavioral and neurochemical experiments in the present study. Different groups of subjects were used for reinstatement and dialysis, so recent drug history could represent a potential confound. All subjects had extensive drug histories to consider. The cocaine prime was administered intravenously for reinstatement and intramuscularly for microdialysis because subjects assigned to the latter experiments were not prepared with indwelling venous catheters. However, cocaine-induced increases in DA were rapid following intramuscular administration and followed a time course that closely resembles the intravenous route of administration. The pretreatment time for disulfiram was 2 hours for reinstatement and 30 minutes for microdialysis. However, pilot experiments were conducted with various pretreatment times for disulfiram, including 30 minutes, and under no condition did it attenuate cocaine-induced reinstatement. Note that nepicastat was also ineffective in attenuating cocaine-induced reinstatement even when given at the same 30-minute pretreatment time used in dialysis experiments. In fact, extensive manipulation of nepicastat pretreatment time and dose failed to reveal any changes in cocaine-induced reinstatement.
Some of the differences observed in the effects of DBH inhibitors between squirrel monkeys and rats may be attributed to inherent species differences in noradrenergic function. Our prediction that rodents and nonhuman primates would exhibit similar behavioral responses assumed that their noradrenergic systems would respond similarly in a cocaineinduced reinstatement paradigm. Unfortunately, few studies have investigated the influence of the noradrenergic system on cocaine self-administration in nonhuman primates (Woolverton, 1987; Macey et al., 2003; Beveridge et al., 2005; Wee et al., 2006; Negus et al., 2007) , and even fewer have specifically studied its influence on reinstatement (Lee et al., 2004; Platt et al., 2007; Valdez et al., 2007) . Additionally, there are existing examples of divergent effects of noradrenergic treatments on cocaineinduced behavioral responses between rodents and nonhuman primates. For example, the effects of a pretreatment with the a 1 -AR antagonist prazosin differed between rats and squirrel monkeys. Zhang and Kosten (2005) found that prazosin dosedependently attenuated cocaine-primed reinstatement in rats, whereas prazosin had no effect on cocaine-induced reinstatement in squirrel monkeys . Furthermore, although the a 2 -AR antagonist yohimbine was able to induce reinstatement in both rats and squirrel monkeys, the effect of a pretreatment with the a 2 -AR agonist clonidine differed between the species. In rats, clonidine had no effect on yohimbine-induced reinstatement (Brown et al., 2009 ), whereas clonidine dose-dependently attenuated yohimbine-induced reinstatement in squirrel monkeys (Lee et al., 2004) . The current study presents another example of differing effects of a noradrenergic manipulation on the behavioral pharmacology of cocaine in nonhuman primates and rodents. Notable methodological differences between the reinstatement paradigms used to test the effects of DBH inhibition in rats and squirrel monkeys should also be considered. In the Schroeder et al. (2010) study conducted in rats, the cue lights that functioned as the conditioned reinforcer for the rats were removed during extinction sessions and remained absent during reinstatement tests. Conversely, in the present study, the conditioned reinforcer cue lights were removed during extinction sessions but restored during the reinstatement sessions. Thus, the squirrel monkeys were effectively experiencing a combined cocaine 1 cue-induced reinstatement session. Cue-induced reinstatement is much less sensitive to NE blockade than cocaine-or stress-induced reinstatement (Smith and Aston-Jones, 2011; Schroeder et al., 2013) . Additional important methodological differences include the schedules of reinforcement used and the drug history of the experimental subjects. Hence, it is premature to conclude that the different effects observed for DBH inhibition on cocaine-induced reinstatement depend largely on species differences. Last, nepicastat administered alone partially reinstated cocaine seeking in squirrel monkeys, an unexpected outcome that was not observed in rats. However, a recent study in rats by Manvich et al. (2013) reported that disulfiram and nepicastat failed to substitute for cocaine in a drug discrimination paradigm but enhanced the discriminative-stimulus effects of cocaine as evidenced by a significant leftward shift of the cocaine dose-response function. Disulfiram and nepicastat pretreatment also conferred cocaine-like discriminative-stimulus effects to the selective norepinephrine uptake inhibitor reboxetine. Hence, the latter results are not inconsistent with the drug interactions between nepicastat and yohimbine observed in squirrel monkeys in the present study. Both disulfiram and nepicastat increase basal and cocaine-induced DA overflow in the PFC of rats (Devoto et al., 2012 (Devoto et al., , 2013 . Accordingly, Manvich et al. (2013) speculated that the augmentation of cocaine's discriminative stimulus effects by DBH inhibitors may be linked to dopaminergic effects in the PFC. In the present study, we were unable to develop a paradigm to target the PFC of squirrel monkeys for in vivo microdialysis. We were also unable to confidently measure NE levels in the accumbal dialysate samples. These technical limitations restricted the present study to analysis of DA in the NAc, but future experiments should assess the effects of catecholamine neurochemistry following DBH inhibition in the PFC of nonhuman primates.
In summary, the present study demonstrated that DBH inhibition in squirrel monkeys attenuated cocaine-induced DA overflow in the NAc but was ineffective in suppressing cocaine-induced reinstatement. The latter results observed in nonhuman primates contrast with those reported recently in rodents. The relevance of these findings to DBH inhibition as a potential pharmacotherapy for cocaine relapse prevention remains to be determined. Although several clinical trials with disulfiram showed a positive result for treatment of cocaine use (Carroll et al., 1998 (Carroll et al., , 2004 George et al., 2000; Petrakis et al., 2000; Grassi et al., 2007) , some subsequent studies have been less encouraging. For example, in one clinical trial, low doses of disulfiram treatment resulted in worse retention and increased cocaine-positive urine samples (Oliveto et al., 2011) . In a follow-up study by Carroll et al. (2012) , the disulfiram treatment group with no 12-step program support had the highest rate of cocaine use. The results of all of these trials must be interpreted with caution because the latest reports indicate that the ability of disulfiram to reduce cocaine use is dependent on both dose and pharmacogenetic considerations (Haile et al., 2012; Kosten et al., 2013; Shorter et al., 2013) . Thus, despite these conflicting outcomes, there does appear to be sufficient evidence to continue the evaluation of DBH inhibitors as cocaine pharmacotherapies.
